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Cells that overexpress PKA as a consequence of carrying multiple copies of the gene encoding the catalytic subunit can
be induced to sporulate when developing as single cells. A peptide phosphorylated by PKA, termed SDF-1, has recently
been shown to stimulate this process (Anjard et al., 1997). Several genes have been implicated in a signal transduction
pathway by which prestalk cells induce encapsulation of prespore cells during terminal differentiation including a prestalk-
speci®c putative membrane protease (TagC) and a two-component system consisting of a receptor-histidine kinase (DhkA)
and a response regulator with cAMP phosphodiesterase activity (RegA). To determine whether SDF-1 uses this pathway,
strains carrying null mutations in the pertinent genes were transformed with a pkaC plasmid such that they can overexpress
PKA. Since these mutant strains all sporulated ef®ciently when SDF-1 was added, it appears that other gene products
mediate the response. However, we found that regA0 mutant cells release a distinct factor, SDF-2, that rapidly induces
encapsulation of test cells overexpressing pkaC. Since cells in which tagC is disrupted do not form SDF-2 and cells in
which dhkA is disrupted do not respond to SDF-2, this peptide appears to use the two-component system that regulates
PKA activity. SDF-2 is a small peptide released by prestalk cells in a manner dependent on TagC. It appears to act on
prespore cells through the DhkA receptor to inhibit the cAMP phosphodiesterase of RegA, thereby activating PKA via
cAMP. The process of induction by SDF-2 can be shown to be distinct from that by SDF-1. SDF-2 appears to stimulate
prestalk cells to release additional SDF-2 by acting through a signal transduction pathway that also involves DhkA, RegA,
and PKA. Based on these results we present a model for the signal transduction cascade regulating spore differentiation.
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INTRODUCTION pression of prespore and prestalk-speci®c ones. Prestalk
cells then sort out to form a tip that becomes the anterior
of migrating slugs. About three-quarters of the cells differ-Upon food deprivation, Dictyostelium cells become che-
entiate as prespore cells that subsequently give rise tomotactic and form a multicellular aggregate that differenti-
spores at the tops of fruiting bodies.ates into a fruiting body containing two main cell types:
PKA, the cAMP-dependent protein kinase, plays a centralspores and stalk cells. Temporal coordination of develop-
role throughout the entire developmental cycle (Firtel,ment is mediated by extracellular signals that lead to syn-
1996). This enzyme is inhibited when the regulatory sub-chronous progress through the differentiation program.
unit, PKA-R, is bound to the catalytic subunit, PKA-C, butShortly after starvation, cells initiate aggregation by secre-
is activated when cAMP binds to two related sites in theting nanomolar pulse of cAMP to orient their movement
regulatory subunit and causes it to release the catalytic sub-and to induce a set of stage-speci®c genes (for review see
unit. The gene encoding the catalytic subunit, pkaC, is ex-Firtel, 1996; Loomis, 1996). The cAMP concentration in-
pressed at a low level in growing cells before the start ofcreases inside the aggregate to levels that inhibit the expres-
development and then is induced to higher levels duringsion of aggregation-speci®c genes while permitting the ex-
aggregation (Burki et al., 1991; Mann and Firtel, 1991; An-
jard et al., 1993). Overexpression of a mutant form of the
pkaR gene (Rm), which encodes a dominant negative regula-1 To whom correspondence should be addressed. Fax: (//49) 561
804 48 00. E-mail: nellen@hrz.uni-kassel.de. tory PKA subunit, under the control of a prespore promoter
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leads to fruiting bodies with cells blocked at the prespore encapsulation signal was found in a REMI mutant in which
prespore cells fail to form spores even when mixed withstage (Hopper et al., 1993b). Overexpression of the catalytic
subunit of PKA under the control of its own promoter or wild-type cells (Wang et al., 1996). The gene disrupted in
this strain, dhkA, encodes a membrane protein that has anunder the control of a prespore promoter results in the abil-
ity of single cells to differentiate into spores when incubated extracellular loop and an intracellular domain similar to
other histidine kinases of the two component systemsin submerged cultures in the presence of high concentra-
tions of extracellular cAMP (Anjard et al., 1992; Hopper et (Wang et al., 1996; and submitted). Consistent with a path-
way in which a signal released from prestalk cells in a man-al., 1993a). This ``sporogenous'' phenotype is also found in
strains carrying mutations in the rdeA locus (Kessin, 1977). ner dependent on TagB and TagC activates DhkA in pre-
spore cells such that it inhibits RegA leading to the activa-These mutants accumulate high levels of intracellular
cAMP that could activate PKA (Abe and Yanagisawa, 1983). tion of PKA, the block to sporulation in dhkA0 cells can be
suppressed by mutations in either regA or pkaR (Wang etLikewise, single cells of strains in which PKA is constitu-
tively active due to null mutations in the gene encoding al., submitted).
We were interested to see if the response to the signalthe regulatory subunit form spores when incubated in buffer
containing cAMP (Simon et al., 1992). Wild-type strains peptide, SDF-1, is dependent on this two-component path-
way. However, we found that inactivating dhkA in cellscan also be induced to form spores as single cells under
submerged conditions if PKA is activated by the cell perme- carrying multiple copies of pkaC had no signi®cant effect
on their response to SDF-1. Thus, DhkA does not appear toable cAMP analogue 8 Br-cAMP (Maeda, 1988; Kay, 1989).
At very low cell density, cells carrying multiple copies of be the receptor for SDF-1. During the course of these stud-
ies, we found that regA0 cells secrete another peptide factor,the pkaC gene controlled by its own promoter do not form
spores ef®ciently unless a low-molecular-weight heat-stable SDF-2, that is produced by prestalk cells in a TagC-depen-
dent manner and induces rapid spore differentiation inpeptide phosphorylated by PKA is added to the buffer (An-
jard et al., 1997). This peptide, SDF-1 (previously referred dhkA/ cells but not in dhkA0 cells when they carry multi-
ple copies of pkaC. We present a model that integrates theto simply as SDF), can be isolated from the buffer in which
similar cells were incubated at high density. Cells incubated production and response to SDF-1 and -2 by multiple, inter-
acting pathways and assigns hierarchical positions to theat low density respond after a 45-min lag by encapsulating.
This response is dependent on de novo protein synthesis as identi®ed signal transduction components.
well as multiple copies of pkaC (Anjard et al., 1997).
Analyses of strains in which either of the prestalk-speci®c
genes, tagB or tagC, is disrupted showed that prespore cells
respond to a signal emanating from prestalk cells (Shaulsky MATERIALS AND METHODS
et al., 1995). These genes encode closely related proteins
with an N-terminal domain similar to serine proteases and
the remainder similar to ATP-driven membrane transport- Cells and Culture Conditions
ers. Cells lacking either of these genes form normal prespore
Standard test cells (K-P) were the transformed line of strain AX2cells but they fail to form spores unless wild-type prestalk
that carries multiple copies of a construct in which the structuralcells are added to make chimeric fruiting bodies (Shaulsky
gene for protein kinase A catalytic subunit is regulated by its endog-et al., 1995). These results suggest that prestalk cells nor-
enous upstream region (pkaC::pkaC) (Anjard et al., 1992). AX4 ismally release a signal during culmination that is essential
an axenic strain isolated from the NC-4-derived strain AX3 (Knechtfor terminal differentiation of prespore cells. A suppressor
et al., 1986). The regA0, tagC0, and dhkA0 strains are derived from
screen of tagB0 cells using REMI mutagenesis led to isola- strain AX4 and have been previously described (Shaulsky et al.,
tion of the regA gene (Shaulsky et al., 1996). This gene 1995, 1996; Wang et al., 1996). These strains were transformed
encodes a member of the two component family of sensor with the K-Neo construct (Anjard et al., 1992) to generate strains
kinases and response regulators. The N-terminal domain is AX4/K, regA0/K, dhkA0/K, and tagC0/K. Each of these carries mul-
similar to response regulators while the remainder is similar tiple copies of the pkaC::pkaC gene. All strains were grown in HL-
5 media (Watts and Ashworth, 1970) with G418 added to 20 mg/mlto phosphodiesterases. Like other response regulators, it can
if they carried the K-Neo construct. Cells were collected duringaccept a phosphate from acetylphosphate (Shaulsky and
the exponential phase of growth.Loomis, 1997). Puri®ed RegA shows cAMP-speci®c phos-
phodiesterase activity that is stimulated by PKA-R (Shaul-
sky and Loomis, 1997). The phenotype of cells carrying null
mutations in regA in an otherwise wild-type background
Sporogenous Assayis almost exactly the same as that of cells carrying null
mutations in pkaR; they develop more rapidly than wild-
Cells were incubated in submerged cultures and sporulation
type cells forming spores in 16 h and are sporogenous (Shaul- was observed as described previously (Kay, 1989; Anjard et al.,
sky and Loomis, 1997). It would appear that PKA is consti- 1997). In this sporogenous assay, washed cells were resuspended
tutively active in regA0 cells since the cAMP associated in 1 ml cAMP buffer (10 mM Mes, pH 6.5, 10 mM NaCl, 10 mM
with PKA-R is removed. A candidate for the sensor kinase KCl, 1 mM CaCl2, 1 mM MgSO4, 5 mM cAMP) and plated at the
indicated densities in 2.5-cm-diameter Falcon plastic plates (No.that would be predicted to inhibit RegA when it binds the
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FIG. 1. Phenotypes of the strains. Cartoons representing the terminally differentiated fruiting bodies of the strains are presented along with
the time of ®rst appearance of spores after development on nonnutrient agar. Spores are represented as dots in the structures. Production of
SDF-1 and SDF-2 was determined in tests of conditioned medium on K-P cells starved at low density (103 cells/cm2). Strains that failed to
produce SDF-2 were primed with partially puri®ed SDF-2 and serial dilutions of the conditioned medium tested on K-P cells starved at low
density. Response to SDF-1 and SDF-2 was determined in cells of each strain incubated at low cell density (not determined, n.d.).
3224) with 2 ml of cAMP buffer. Spores were scored by phase- mM Tris, pH 8.5. Heat treatment of conditioned medium was car-
ried out at 967C for 10 min.contrast microscopy after 20 to 24 h of incubation at 227C (Anjard
et al., 1997). Conditioned medium or puri®ed factors were added
to cells that had been incubated in cAMP buffer for 24 h. Cells
and spores were counted 2 h later. Each assay was repeated three RESULTSto six times and at least 200 cells were scored. Averaged values
are presented {1 SEM. One unit of SDF-2 activity is de®ned as
Effects of PKA in Mutant Strainsthe amount necessary to induce 50% of K-P cells to form spores.
One unit of SDF-1 activity is de®ned as the amount necessary to Transformation with a construct that generates multipleinduce 30% of K-P cells to form spores. The cell permeant PKA
copies of the pkaC gene can render cells sporogenous (An-inhibitor, H89, was purchased from Calbiochem and used at a
jard et al., 1992; 1997). To determine the effects of overex-®nal concentration of 10 mM.
pression of PKA-C in tagC0, regA0, and dhkA0 strains as
well as their parental strain, AX4, cells of these strains were
transformed with the K-neo vector, a construct expressingSDF-1 and SDF-2
PkaC from PkaC endogenous promoter, and transformants
SDF-1 was puri®ed through a FPLC step as previously described were selected for resistance to 20 mg/ml G418. As expected,
(Anjard et al., 1997). SDF-2 was recovered from the supernatant of AX4 transformants (AX4/K) were not signi®cantly different
2 1 106 regA0 cells that had been incubated for 30 h in 12 ml of
from AX2 transformants (K-P cells). Both made short fruit-cAMP buffer in 10-cm dishes. The supernatant was ®ltered through
ing bodies about 6 h earlier than untransformed cells anda 0.22-mm Millex ®lter (Millipore) before being used immediately
formed up to 30% spores when incubated at 2 1 104 cells/or frozen at 0207C. The size of SDF-2 was estimated from its elu-
cm2 in submerged cultures. The ef®ciency of sporulationtion pro®le off a Superose 12 PC 3.2/30 column run in 5 mM phos-
phate, pH 6.0, containing 150 mM NaCl at a ¯ow rate of 50 ml/ was density dependent in submerged cultures dropping to
min. Calibration of the column was carried out under the same 10% at 103 cells/cm2. However, addition of puri®ed SDF-1
conditions using the low-molecular-weight gel ®ltration calibra- to cells incubated at low density returned the ef®ciency of
tion kit (Pharmacia) and low-molecular-weight synthetic peptides. sporulation to that seen at high cell density (Figs. 1 and
Fifty microliters of regA0 ®ltered conditioned medium was loaded 2A). dhkA0 mutant strains form long, fragile stalks and
on the column and fractions of 50 ml were analyzed for SDF-2 transformation with K-neo (dhkA0/K) did not overcome this
activity using K-P cells starved at low density.
defect (Fig. 1). However, it did overcome the block to sporeSDF-2 was treated with proteinase K, alkaline phosphatase, or
formation and rendered the cells sporogenous. Likewise,heated as previously described for SDF-1 (Anjard et al., 1997).
transformation of a tagC0 strain with K-neo (tagC0/K) didBrie¯y, ®ltered condition medium from regA0 cells was incubated
not overcome the morphological block at the tight aggregatewith 20 mg/ml proteinase K for 1 h at 377C and 30 min at 557C, or
with 0.5 U of bacterial alkaline phosphatase for 1 h at 377C in 50 stage but rendered the cells sporogenous and able to form
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a few percent spores when developed on an agar surface
(Fig. 1). regA0 cells are sporogenous even without being
transformed with K-neo and develop more rapidly than
wild-type cells (Shaulsky and Loomis, 1997). After transfor-
mation with K-neo (regA0/K) they develop faster, forming
spores in 14 h (Fig. 1).
Response to SDF-1 and Production of SDF-1
When incubated in submerged culture at low cell density,
dhkA0/K cells formed only 10% spores. However, addition
of puri®ed SDF-1 increased the ef®ciency of sporulation to
30%, the same level seen in dhkA/ cells (K-P cells), indicat-
ing that the response to this peptide is not dependent on
DhkA (Figs. 2A and 2B). When incubated in submerged cul-
ture, regA0/K cells formed spores very ef®ciently at both
low and high cell densities without any addition of SDF-1
(Fig. 2C). The level of sporulation was higher than that in
the parental regA0 strain (Fig. 2D), suggesting that overex-
pression of PKA had an additive effect. However, the ef®-
ciency of sporulation in regA0 cells incubated at low cell
densities was not increased by addition of puri®ed SDF-1
(Fig. 2D). At low cell densities, 14% of the tagC0/K cells
sporulated and this proportion increased to 30% upon addi-
tion of puri®ed SDF-1 (Fig. 2E). Thus, TagC is dispensible
for the response to SDF-1.
When the supernatants of high cell density cultures were
collected, serially diluted, and tested for the stimulation of
sporulation of K-P cells, those in which the various mutant
strains had developed were all found to have produced SDF-
1 at levels comparable to those found in cultures of K-P cells
(data not shown). These results demonstrate that release of
SDF-1 into the environment does not depend on TagC,
DhkA, or RegA.
Another Factor, SDF-2, Is Released by regA0
Mutant Cells That Activate PKA
Starvation of regA0 cells in cAMP medium for 24 h results
in 60% spore formation, a signi®cantly higher ef®ciency
than occurs in K-P cells. To see if this trait was cell autono-
mous or mediated by a secreted factor, we tested the ability
of serial dilutions of the buffer in which regA0 cells had
developed to induce sporulation of K-P cells incubated at
low cell density. A 1:100 dilution was found to result in
FIG. 2. Response to SDF-1 and SDF-2. Cells were incubated at
low density (LD : 103 cells/cm2) in cAMP buffer for 24 h before the
addition of 20 units of FPLC-puri®ed SDF-1 or 100 units SDF-2.
SDF-1 and SDF-2 were also added together to K-P cells (1 / 2).
The proportion of the cells that formed spores was determined
microscopically 2 h later. (A) K-P cells, (B) dhkA0/K, (C) regA0/K,
(D) regA0, (E) tagC0/K cells. regA0/K and regA0 cells were also
incubated at high density (HD: 2 1 104 cells/cm2) to determine
maximal levels of sporulation. For regA0 cells LD was 21 102 cells/
cm2 since they form a high level of spores at higher densities.
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earlier to inhibit PKA activity. It appears that the signal
peptide SDF-2 initiates a rapid PKA-dependent response in
prespore cells that does not require new protein synthesis.
The Response to SDF-2 Is Dependent on DhkA
If the peptide released by regA0 cells stimulates prespore
cells to encapsulate by activating the two component sys-
tem, it should be ineffective in dhkA0/K cells and this was
found to be the case (Fig. 2B). regA0/K cells sporulate well
without addition of any factors and so could not be tested
for response to SDF-2. regA0 cells without the K-Neo vector
secrete SDF-2 and sporulate at moderate levels but the ef®-
ciency of encapsulation is not increased by addition of ei-
ther SDF-1 or SDF-2 (Fig. 2D). Addition of SDF-2 to tagC0/
K cells stimulates sporulation about 5-fold, showing that
the prestalk-speci®c gene tagC is not required for the re-
sponse of prespore cells (Fig. 2E). However, the cells of this
FIG. 3. Characterization of SDF-2. One hundred units of SDF-2 strain responded to SDF-2 only when about 100 times more
was added to K-P cells that had been incubated for 24 h at low factor was added (Fig. 5). This dramatic difference in the
density (103 cells/cm2) in 2 ml cAMP. Samples of SDF-2 were also level of SDF-2 needed to induce sporulation in K-P cells and
heated to 967C, treated with proteinase K or alkaline phosphatase
tagC0/K cells suggests that TagC plays some role in SDF-2before being added to the K-P cells. The basal level of sporulation
signaling.was determined in low-density K-P cells that received no additions.
The percentage of cells that encapsulated was determined 2 h later.
Production of SDF-2 Is Dependent on TagC, DhkA,
and PKA
50% sporulation of the test cells (Figs. 2A and 3). The activ-
K-P cells do not produce SDF-2 (Fig. 1). However, after 2ity in the buffer was stable to heating to 967C for 10 min
h in the presence of 5 units SDF-2, the conditioned bufferbut was sensitive to proteinase K treatment (Fig. 3). Unlike
from K-P cells incubated at low density can be diluted 200-SDF-1, the activity in regA0 buffer was unaffected by treat-
fold such that only 0.025 units of the added SDF-2 remainsment with bacterial alkaline phosphatase (Fig. 3). In addi-
tion, puri®ed SDF-2 is sensitive to the sequence-speci®c
proteases pepsin and endoproteinase Glu-C but not to tryp-
sin (data not shown). The activity eluted from a Superose
12PC 3.2/30 column with an apparent molecular weight of
1.3 kDa. This new factor appears to be a small peptide dis-
tinct from SDF-1 and was designated SDF-2.
Addition of SDF-2 to K-P cells that had been incubated
for 24 h at low cell density in submerged cultures resulted
in extremely rapid sporulation of about half the cells (Fig.
4). After a lag of less than 5 min, the number of spores
increased to maximum in 30 min. This response is to be
contrasted with that of K-P cells to SDF-1 where a lag of at
least 45 min is seen and peak levels of sporulation are not
attained for 90 min (Anjard et al., 1997).
Spore induction by SDF-1 can be inhibited in K-P cells if
they are treated with an inhibitor of PKA activity (H-89) 15
min before addition of the phosphopeptide (Anjard et al.,
1997, and unpublished observations). Addition of this inhib-
itor also blocks spore induction by SDF-2, but only if added
45 min before addition of the peptide (Fig. 4). Since there is
a 45-min lag during which de novo protein synthesis is
FIG. 4. Time course of spore induction by SDF-2. The percentage
required for SDF-1-induced encapsulation, the drug can en- of cells that encapsulated was determined after addition of 100
ter the cells and inhibit PKA activity during this time. In units of SDF-2 to K-P cells that had been incubated for 24 h at low
contrast, encapsulation occurs almost immediately follow- density with no other additions (s), or to which either 400 mM
ing addition of SDF-2 and proceeds in the absence of protein cycloheximide (l) or 10 mM H89 (h) was added 45 min before
addition of SDF-2.synthesis (Fig. 4). As a consequence the drug must be added
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FIG. 5. Response of K-P and tagC0/K cells to SDF-2. K-P (A) and tagC0/K cells (B) were starved for 24 h at low density in 2 ml cAMP
buffer. The indicated amounts of SDF-2 were added and the levels of spores were scored 2 h later. Then the supernatant from K-P cells
incubated with 5 units SDF-2 or that from tagC0/K cells incubated with 100 units SDF-2 was harvested, ®ltered, diluted, and added to
previously untreated K-P cells that had been starved for 24 h at low density in 2 ml cAMP buffer. Dilutions of the conditioned buffer
were such that the previously added SDF-2 was either 0.025 or 0.05 units, levels that are insuf®cient to stimulate sporulation. The
proportions of encapsulated cells were scored 2 h later and demonstrate that K-P but not tagC0/K cells produce signi®cant amounts of
SDF-2 during the incubation period.
and still elicits maximal response in test K-P cells also incu- these cells do not produce additional SDF-2 within 2 h of
addition of SDF-2 since conditioned buffer that containedbated at low density (Fig. 5). Since SDF-2 has no effect at
less than 0.1 unit, we conclude that K-P cells produced SDF- 100 units SDF-2 did not stimulate sporulation of test K-P
cells after being diluted to 0.05 units (Fig. 5). In further2 in response to SDF-2 induction and refer to this effect as
``priming.'' It may account for the extreme sensitivity of K- analysis, the supernatant from primed tagC0/K revealed to
contain only the 100 units of SDF-2 initially added. WeP cells to SDF-2.
Maximal response of tagC0/K cells occurs when 100 units conclude that production of SDF-2 under these conditions
is dependent on the prestalk-speci®c gene tagC.of SDF-2 is added to low-density cultures (Fig. 5). However,
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FIG. 6. Time course of SDF-2 production. Ten units of SDF-2 was added to 1.8 1 103 cells that had developed at low density for 24 h
in 0.5 ml cAMP buffer. Aliquots of the buffer were taken at various times, serially diluted, and added to fresh K-P cells that had developed
for 24 h at low density. Units were estimated from the maximal dilution of the conditioned buffer that induced 30% encapsulation in
the test cells within 2 h. Release of SDF-2 by K-P cells (s), dhkA0/K cells (l), or K-P cells to which 10 mM H89 had been added 45 min
before addition of the priming SDF-2 (h) was followed over the ®rst 2 min. There was no subsequent increase in SDF-2 levels during the
next 5 min.
To further characterize this response, we added 10 units acts in a manner that requires de novo synthesized proteins
of SDF-2 to K-P cells that had been incubated at low density and takes 90 min, while SDF-2 acts almost immediately to
in cAMP buffer for 24 h and quantitated the increase in SDF- activate already existing components leading to maximal
2 (Fig. 6). Serial dilutions of the conditioned buffer taken at spore formation within 30 min. SDF-1 is a thermostable
various times after addition of SDF-2 were tested on fresh phosphopeptide that induces encapsulation of prespore cells
K-P cells that had been incubated in cAMP for 24 h. Within independently of DhkA (Fig. 2B). SDF-2 is also a ther-
a minute of addition of SDF-2, the level of SDF-2 rose from mostabile peptide but, unlike SDF-1, its activity is not sen-
10 to 2000 units. It appears that SDF-2 elicits the rapid sitive to treatment with alkaline phosphatase (Fig. 3). It
release of stored SDF-2 into the medium. also induces encapsulation of prespore cells but in a DhkA-
When the same experiment was carried out with dhkA0/ dependent manner. For single cells to respond to either of
K cells, there was no increase in the level of SDF-2 in the these peptides by encapsulating, they must carry multiple
medium (Fig. 6). Moreover, treatment of K-P cells with the copies of the pkaC gene and have been incubated in buffer
PKA inhibitor, H89, prior to addition of SDF-2 completely containing a high concentration of cAMP for 24 h. Expres-
blocked their response (Fig. 6). These results indicate that sion of the pkaC gene early in development is essential
the signal transduction pathway by which SDF-2 elicits the for accumulation of adenylyl cyclase and the increase in
release of additional SDF-2 involves DhkA, PKA, and TagC. internal cAMP that can activate PKA (Mann et al., 1991,
1997). Mutants in which pkaC is inactivated are unable to
aggregate or to express postaggregative genes (Mann et al.,
DISCUSSION 1997). During the slug stage, pkaC is almost exclusively
expressed in prestalk cells, but this changes radically during
culmination when pkaC is expressed at much higher levelsInduction of terminal differentiation in prespore cells ap-
in prespore cells (Mann et al., 1994). Moreover, activatablepears to be mediated by two intercellular signals, both of
which are mediated by PKA. The phosphopeptide SDF-1 PKA activity increases in prespore cells during culmination
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(Vaughan and Rutherford, 1987). Arti®cial activation of
PKA with high concentrations of 8-Br cAMP induces spore
differentiation in wild-type cells under submerged culture
conditions, further demonstrating the involvement of PKA.
One of the proteins that may be synthesized in prespore
cells following addition of SDF-1 is PKA itself. The presence
of multiple copies of the pkaC gene would accentuate the
response. A model of the proposed signal transduction path-
ways is shown in Fig. 7.
SDF-2 may lead to the direct activation of preexisting
PKA. The response of prespore cells is dependent on DhkA
(Fig. 2B), a putative receptor kinase that is inserted into
the surface membranes of both prespore and prestalk cells
during the slug stage (Wang et al., 1996, and submitted).
The primary sequence of dhkA suggests that a 300-amino-
acid loop between the two transmembrane regions could
serve as the receptor for a peptide such as SDF-2. When a
myc epitope was inserted into this loop, it was found to be
on the outside of the cells; however, the modi®ed DhkA
was no longer fully functional (Wang et al., submitted). The
cytoplasmic portion of DhkA is similar to histidine kinases
that autophosphorylate a histidine moiety and transfer the
phosphate to an aspartate moiety near the carboxy terminal.
Site-directed mutations in either the histidine or the aspar-
tate predicted to carry the phosphates resulted in loss of
function of DhkA (Wang et al., submitted). Such histidine
kinases have been found to be members of two component
systems in which the phosphate is transferred, either di-
rectly or indirectly, to a conserved aspartate on response
regulators that mediate various responses in yeast and
plants (Alex and Simon, 1994; Posas et al., 1996; Kakimoto, FIG. 7. Model of signal transduction pathways leading to sporula-
1996; Loomis et al., 1997). A conserved response regulator tion. Induction of encapsulation by the phosphopeptide SDF-1 is
domain is found in the N-terminal portion of RegA that likely to be mediated by a receptor distinct from DhkA and can be
might accept a phosphate from DhkA. RegA seems to act blocked by the PKA inhibitor H89. Induction by SDF-1 depends on
de novo protein synthesis and takes an 112 h. SDF-2, on the otherdownstream of DhkA, since regA0 mutations suppress the
hand, induces encapsulation almost immediately and is dependentblock to sporulation seen in dhkA0 strains (Wang et al.,
on DhkA, a putative membrane kinase receptor. Induction by SDF-submitted). The results of these genetic studies indicate
2 is also blocked by H89, indicating that PKA activity is requiredthat RegA is inactivated when DhkA is activated. RegA is a
in this pathway. Since previous studies have shown that the phos-cAMP phosphodiesterase that can hydrolyze internal cAMP
phodiesterase RegA acts downstream of DhkA and upstream of
leading to reassociation of the regulatory subunit with the PKA and regA0 null mutants sporulate even in the absence of SDF-
catalytic subunit of PKA (Shaulsky and Loomis, 1997). 2, activated DhkA appears to inhibit RegA in wild-type cells, lead-
Thus, as long as RegA is active, PKA activity would be ing to accumulation of cAMP and activation of PKA. Addition
inhibited by the regulatory subunit. However, when RegA of SDF-2 induces release of additional SDF-2 in a process that is
is inactivated, PKA activity would rapidly increase. This dependent on TagC and inhibited by H89. Since expression of tagC
is strictly con®ned to prestalk cells, it appears that SDF-2 is releasedcan lead to encapsulation of prespore cells.
from prestalk cells when they are stimulated by SDF-2. dhkA andStimulation of sporulation in cells carrying multiple cop-
regA are expressed in both prespore and prestalk cells and appearies of pkaC by SDF-1 does not depend on the two compo-
to mediate the rapid response of both cell types to SDF-2.nent system known to function during culmination and so
is likely to be mediated by a separate pathway. If it results
in the induction of pkaC in prespore cells, the presence of
multiple copies of the gene may result in levels of the cata- developed at low density (Fig. 2A). Since addition of the
PKA-inhibiting drug, H89, just prior to addition of the pep-lytic subunit that exceed those of the regulatory subunit
leading to constitutive PKA activity. SDF-1 is itself a phos- tides can block the induction of sporulation by either SDF-
1 or SDF-2, both appear to mediate their effects by activatingphopeptide that can be phosphorylated by PKA and so could
be part of a feedback loop resulting in the rapid increase in PKA. The two modes that lead to sporulation via activation
of PKA present an interesting parallel with the signal trans-active SDF-1 (Anjard et al., 1997). Although SDF-1 and SDF-
2 act through separate pathways, their abilities to stimulate duction pathways in mammalian cells where ligand binding
to receptors can result in fast activation of cytoplasmic PKAsporulation of K-P cells are not additive when the cells are
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
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Burki, E., Anjard, C., Scholder, J. C., and Reymond, C. D. (1991).(Exton, 1987) and in a slower translocation of PKA to the
Isolation of two genes encoding putative protein kinases regu-nucleus where it activates gene transcription by phosphory-
lated during Dictyostelium discoideum development. Gene 102,lating CREB (Mayo et al., 1995).
57±65.SDF-2 appears to be released exclusively by prestalk cells
Exton, J. (1987). Mechanisms of hormonal regulation of hepaticsince it is dependent on expression of tagC, a strictly
glucose metabolism. Diabetes Metab. Rev. 3, 163±183.
prestalk-speci®c gene (Shaulsky et al., 1996). Neither Firtel, R. A. (1996). Interacting signaling pathways controlling
tagC0/K cells nor dhkA0/K cells produce SDF-2 and, unlike multicellular development in Dictyostelium. Curr. Opin. Genet.
K-P cells, cannot be primed by SDF-2 for production of the Devel. 6, 545±554.
factor (Figs. 1, 5, and 6). This suggests that TagC, which is Harwood, A. J., Early, A., and Williams, J. G. (1993). A repressor
controls the timing and spatial localisation of stalk cell-speci®ca bifunctional protein consisting of a putative serine prote-
gene expression in Dictyostelium. Development 118, 1041±ase and a putative membrane transporter, may be directly
1048.involved in maturation and export of SDF-2. The fact that
Hopper, N. A., Anjard, C., Reymond, C. D., and Williams, J. G.there is a 40-fold increase in the level of SDF-2 within a
(1993a). Induction of terminal differentiation of Dictyosteliumfew minutes after the addition of SDF-2 to the buffer makes
by cAMP-dependent protein kinase and opposing effects of intra-it unlikely that the released SDF-2 is de novo synthesized
cellular and extracellular cAMP on stalk cell differentiation. De-
but rather indicates induction of release of stored material. velopment 119, 147±154.
The release of a diffusible signal emanating from prestalk Hopper, N. A., Harwood, A. J., Bouzid, S., Veron, M., and Williams,
cells during late culmination has been previously suggested J. G. (1993b). Activation of the prespore and spore cell pathway
based on the temporal progression of expression of spiA of Dictyostelium differentiation by cAMP-dependent protein ki-
nase and evidence for its upstream regulation by ammonia.(Richardson et al., 1994). Staining of cells carrying a reporter
EMBO J. 12, 2459±2466.construct in which lacZ is controlled by the spiA regulatory
Kakimoto, T. (1996). CKI1, a histidine kinase homolog implicatedregion is ®rst seen in the prespore cells nearest the prestalk
in cytokinin signal transduction. Science 274, 982±5.region and only later in cells further away. The wave passes
Kay, R. R. (1989). Evidence that elevated intracellular cyclic AMPthrough the sorus in about an hour or two, consistent with
triggers spore maturation in Dictyostelium. Development 105,the diffusion of small molecules such as SDF-1 and SDF-2.
753±759.
From their data using a prestalk promoter driving pkA-R, Kessin, R. (1977). Mutation causing rapid development of Dictyos-
Harwood et al. also suggested a signal from prestalk cells telium discoideum. Cell 10, 703±708.
inducing spore maturation (Harwood et al., 1993). Knecht, D. A., Cohen, S. M., Loomis, W. F., and Lodish, H. F. (1986).
Developmental regulation of Dictyostelium discoideum actin
gene fusions carried on low-copy and high-copy transformation
vectors. Mol. Cell. Biol. 6, 3973±3983.ACKNOWLEDGMENTS
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